Volume and taper equations are used for estimating timber volume and biomass of a tree. Despite their usefulness, precise and site specific equations are still lacking for commercially important tree species in Nepal. The study was carried out at Chandak Chatiya Mahila Community Forest in Bardia district and Lumbini Collaborative Forest of Saljhandi in Rupandehi district in western Terai of Nepal. A destructive sampling method was used and selected fifteen Sal trees (Shorea robusta Gaertn. f.) from Saljhandi (site 1) and eighteen trees from Bagnaha (site 2) randomly to calibrate an individual tree volume and a stem taper function. At first, a non-linear stem taper function was calibrated using stem diameters outside bark at different heights above ground as response variable and D (diameter at breast height), H (total height), h (height of interest) as predictors. Then, effect of crown characteristics on stem taper was evaluated. As stem HCB (height to crown base) was found to affect stem taper, its usefulness in existing stem volume equation was tested. Empirical relationships between V (stem volume) as a response variable and D, H, HCB and sites in Bardia and Rupandehi districts as predictors were established using a linear mixed modeling approach. Our result showed that, instead of H, use of HCB in stem volume equation increased model prediction accuracy and reduced prediction bias. Applicability of the suggested models for predicting individual S. robusta tree volume and stem taper is discussed.
Volume and taper equations are used for estimating timber volume and biomass of a tree. Despite their usefulness, precise and site specific equations are still lacking for commercially important tree species in Nepal. The study was carried out at Chandak Chatiya Mahila Community Forest in Bardia district and Lumbini Collaborative Forest of Saljhandi in Rupandehi district in western Terai of Nepal. A destructive sampling method was used and selected fifteen Sal trees (Shorea robusta Gaertn. f.) from Saljhandi (site 1) and eighteen trees from Bagnaha (site 2) randomly to calibrate an individual tree volume and a stem taper function. At first, a non-linear stem taper function was calibrated using stem diameters outside bark at different heights above ground as response variable and D (diameter at breast height), H (total height), h (height of interest) as predictors. Then, effect of crown characteristics on stem taper was evaluated. As stem HCB (height to crown base) was found to affect stem taper, its usefulness in existing stem volume equation was tested. Empirical relationships between V (stem volume) as a response variable and D, H, HCB and sites in Bardia and Rupandehi districts as predictors were established using a linear mixed modeling approach. Our result showed that, instead of H, use of HCB in stem volume equation increased model prediction accuracy and reduced prediction bias. Applicability of the suggested models for predicting individual S. robusta tree volume and stem taper is discussed. T ree volume and taper equations are vital for forest management, and they are lacking for commercial tree species (e.g. Sal-Shorea robusta Gaertn. f.) in Nepal. Currently, there is a growing interest in multiple-product timber harvesting. This requires precise stem taper and volume equations for improved prediction of volume at individual tree and stand levels. We also need to know what portion of a tree can be used for specific products, and need to identify the entire array of products that can be obtained from a specific stand.
Despite their usefulness, volume and taper functions have been rarely studied in Nepal. Sharma and Pukkala (1990) have developed volume equation for twenty one species of Nepal including S. robusta. The volume equations compiled by Tamrakar (2000) and developed by DFRS (2006) are from small-sized trees.
Elsewhere, a considerable amount of work on modeling tree volume and stem taper has been done (Clutter et al., 1983; Kozak et al., 1969; Max and Burkhart, 1976; Newnham, 1988) . Although various methods have been proposed for developing taper equations (Bennett and Swindel, 1972; Demaerschalk, 1973; Demaerschalk and Kozak, 1977; Goulding and Murray, 1976; Kozak et.al., 1969; Kozak and Smith, 1966; Max and Burkhart, 1976) , the information is either theoretical or limited primarily to softwood species (Martin, 1981) . Specifically, in the Nepalese context, there are no available stem taper functions for S. robusta. Hence, this study aimed at (1) evaluating stem taper profile to identify tree characteristics that affect stem taper, and (2) use this information for improving existing stem volume equation for S. robusta.
Materials and methods

Study area
The study was carried out at Chandak Chatiya Mahila Community Forest in Bardia district and Lumbini Collaborative Forest of Saljhandi in Rupandehi district in western Terai of Nepal (Fig. 1) . Rupandehi is slightly warmer and wetter (higher average annual rainfall) than Bardia (Table 1) . 
Saljhandi, Rupandehi district
The climate of the site is sub-tropical and subhumid with regular monsoon between June and August. Frost occurs seldom and the annual average number of days with minus temperature is zero (Jackson, 1994) . Mean total annual precipitation is 2452 mm of which more than 80% falls from June to September. Monthly mean minimum and maximum temperature are 17.8°C and 31.4°C, respectively with an absolute minimum of 4.3°C (Jackson, 1994 (Ojha et al., 2008) .
Chandak Chatiya Mahila CF, Bagnaha, Bardia district
This site has a sub-tropical monsoon climate with three distinct seasons in the annual cycle: hot season (March-June), Monsoon (July-October) and winter (October-February). About 90% of the precipitation occurs from July to September. The absolute maximum temperature (41°C) and minimum temperature (3.1°C) were recorded in May 1996 and January 1987, respectively. The recorded highest and lowest rainfalls were 2798 mm and 1592 mm in 1990 and 1992, respectively. Mean annual rainfall at Chisapani at the foot of the Chure hill is 2230 mm whereas it is 1560 mm at Gularia, in an agricultural area to the south of the study site.
Most of the areas of Karnali and Bardia fall into Bhabar which is broad alluvial plain that slopes gently away from the base of the Churia to India. Bhabar deposits are composed of cobbles, boulders, and coarse sand layers amidst clay and silt (HMGN, 1971) . The soils are well drained and relatively deep. The study area is predominantly underlain by sandy loams and followed by sands and gravels. (Dinerstein, 1979) More than 70% of the forest is covered by Sal trees. A vegetation study conducted by Dinerstein (1979) 
Sampling and measurement
Thirty-three trees were felled and measured from May to June 2013. The data were collected from trees growing in natural forests of two different locations in western Terai region of Nepal. Representative healthy and undamaged trees of different DBH classes were selected as sample trees. Fifteen trees from Saljhandi (site 1) and eighteen trees from Bagnaha (site 2) were selected randomly. DBH (1.3 m above ground level), and crown diameter of the sample trees were measured and a photograph was taken before felling the tree.
Total height and height to the base of live crown (HCB) were measured separately. Stem profile data (diameter outside bark and height above ground) was obtained at eight points on the bole: stump (30 cm above ground) and approximately at 1/8, 1/4, 3/8, 4/8, 5/8, 6/8, and 7/8 of the total height (Martin, 1981) . The stem section of the tree (total height minus stump height) was divided into sub-sections of maximum three meter length and measured the diameter at three points (Diameter at two ends and middle of the subsection). The large branches were treated as poles and measured by using above process for volume estimation in the stem analysis. Average sample tree characteristics are presented in table 1.
Modeling Approach
Modeling stem taper
At first, base model for stem taper was calibrated using Ormerod function (Ormerod, 1973) , in which 'tree' and 'site' factors were considered as random effects component of a non-linear mixed effect model using nlme package (Pinheiro et al., 2017 ) available in R (RStudio Team, 2015 .
Auto-correlation due to repeated stem diameter measurement within a tree was modelled using corAR(x) function.
Fig. 2: Relationship between tree level random effects and height to crown base (HCB)
Observed heteroscedasticity was accounted for with a variance function (varpower function). An Akaike Information Criteria (AIC) was used to assess usefulness of the covariates in fixed as well as random effect components of the model. Site was dropped from the random effect component, as AIC did not justify its usefulness in the model. Tree level random effect (bi) showed that there was significant tree to tree variation on stem tapering. Therefore, we extracted tree level random effect for each tree, and correlated it with several tree variables e.g. height to crown base, crown diameter, crown projection area, crown volume to identify the important tree characteristics that influence stem taper. HBC was found to be positively correlated with tree level random effect (RE) parameters (Fig. 2) . Addition of HCB in stem taper equation as a covariate reduced mean bias of the estimation (Table 3) 
Modeling total stem volume
Modeling stem volume was started with the calibration of Sharma and Pukkala (1990) equation using our data (equation V 1 ). As tree height was not significant in the model, it was dropped from the model and then the resultant model was presented as equation (V 2 ). Stem taper analysis showed that trees of lower HCB had more tapered stem, thus, we suspected that such trees might have smaller volume for the given diameter. Therefore, HCB was added to equation (V 2 ) to test if the addition of HCB improves prediction ability of total stem volume or not. Eventually, equation (V 3 ) was evaluated as final model. Since our data were collected from two different sites, we adopted mixed modeling approach to account site as random effect in the model. An AIC criterion was used to assess usefulness of the covariates in fixed as well as random effect components of the model. Effect of site as random effect was tested for intercept as well as for slope parameters. However, AIC and ANOVA test justify the usefulness of random effect only for slope parameter. Once the models were fitted, assumptions of the regression analysis were checked. The plot for the standardized residuals versus the fitted values showed that the final models did not violate any model assumptions (diagnostic plots not shown).
Modeling was done in R (RStudio Team, 2015) using nlme package (Pinheiro et al., 2017) . 
Ln(V ij ) = (a + a i ) + bLn(D i ) + cLn(H i
)
Results and discussion
Stem taper
Since we had a hierarchical dataset which was grouped as 'multiple diameter measurements within a tree' and 'trees were clustered in a site', mixed modeling approach was used. The model was parameterized several times keeping the fixed-effect and random effect specification constant. We first included correlation structure, then the variance function. According to AIC statistics, every additional covariance feature, i.e., the correlation structure, and the variance function significantly improved the likelihood ratio (Table 2) . Then, we added new covariate in the final model. Stepwise model building process was shown in table 2. Sequential improvement is on distribution of residuals through different predicted values (Fig.  3) . Figure 3 (A and B) shows that bias increased with increasing stem diameter. However, no such trend was found in figure 3 (C and D) besides a few extreme values and slightly increasing bias towards smaller diameter values. As smaller diameter section of a tree stem mostly belongs within the crown, this bias might have introduced by branches or stem swelling at the lower part of the branch junctions.
Parameter estimates of two final models (with HCB and without HCB as covariate) are presented in table 3. As Eq. (T 2 ) was less biased, it is advised to use this equation, when HCB information is available along with DBH and tree height (Table  3 , Mean bias).
We can see that how HCB influences stem taper in figure 4. All three lines are the predicted stem taper profiles of three trees that have almost the similar D (40-43 cm) but different total height and HCB. It clearly shows that trees with lower HCB generally have more tapered stem, which is similar to the results observed by Adu-Bredu et al. (2008) , and MacFarlane and Weiskittel 
Stem volume
Modeling tree stem volume showed that tree height was not found to be significant at the local level (Table 4 , Eq. V1). Instead of H, HCB was found significant in stem volume equation (Table  4 , Eq. V 3 ) and reduced mean bias (Table 4 , Eq. V 2 and Eq. V 3 ) and increased pseudo R-squared (Table 4 , Eq. V 2 : Pseudo R-squared=0.94 and Eq. V 3 : Pseudo R-squared=0.95). This must be due to the positive correlation between branchiness and main stem taper (Ver Planck and MacFarlane, 2014) . Inclusion of site as random effect might have explained the variation on stem volume for different height trees at tree height for a given diameter tree is related to site factor (Feldpausch et al. 2011) . We observed that lower HCB contributed on reductions in the main stem volume for a given diameter tree, but we were not able to explain the associated volume shifted away from the main stem (into branches). Therefore, future research should focus on this issue as it is necessary to assess branch wood volume, estimate total biomass and quantify carbon stock more precisely.
Bias correction
The models (V 1 ), (V 2 ) and (V 3 ) predict stem volume on a natural logarithmic scale. We need to back transform it to the original scale. Since a linear back transformation of predicted values are associated with a log-transformation bias (Baskerville, 1972) , a correction factor (CF) that accounts this log-transformation bias was presented in table 4. For the bias correction, the predicted values should be multiplied by the correction factor provided in table 4.
Conclusion
General volume equation in Nepal developed by Sharma and Pukkala (1990) needs calibration with local data before using it at local level. In addition, height to crown base was found to be an important variable that affects main stem volume of S. robusta for a given diameter tree at a site. Thus, we recommend to use HCB in stem volume equation for increasing prediction ability or 20 cm top diameter). These models can be applied to similar stand condition (basal area, canopy cover, stand age) from where the study data were obtained. As this is the first model for S. robusta stem taper, it is recommended to test in other sites too. Care must be provided when using this model in other sites and predicting beyond the observed range of tree size.
